or each round of pre-mRNA splicing, a spliceosome is assembled anew on its substrate. RNA-protein remodeling events required for spliceosome assembly, splicing catalysis, and spliceosome disassembly are driven and controlled by a conserved group of ATPases/RNA helicases. The activities of most of these enzymes are timed by their recruitment to the spliceosome. The Brr2 enzyme, however, which mediates spliceosome catalytic activation, is a stable subunit of the spliceosome, and thus, requires special regulation. Recent structural and functional studies have revealed diverse mechanisms whereby an RNaseH-like and a Jab1/MPN-like domain of the Prp8 protein regulate Brr2 activity during splicing both positively and negatively. Reversible Brr2 inhibition might in part be achieved via an intrinsically unstructured element of the Prp8 Jab1/ MPN domain, a concept widespread in biological systems. Mutations leading to changes in the Prp8 Jab1/MPN domain, which are linked to a severe form of retinitis pigmentosa, disrupt Jab1/MPNmediated regulation of Brr2.
Pre-mRNA Splicing by the Spliceosome
Most eukaryotic mRNAs are derived from precursors that contain non-coding introns interspersed among coding exons. During mRNA maturation, introns are removed and exons are ligated in a process called pre-mRNA splicing. Each splicing event comprises two consecutive transesterification reactions. In the first step, a conserved branch point adenosine in the intron attacks the phosphodiester bond at the 5′-splice site (SS), liberating the 5′-exon with a free 3′-hydroxyl group. In the second step, the 3′-hydroxyl group of the 5′-exon attacks the 3′-SS, leading to exon ligation and excision of the intron in the form of a lariat. 1 Pre-mRNA splicing is catalyzed by the spliceosome, a large and highly dynamic RNA-protein (RNP) enzyme. For each round of splicing, a spliceosome is assembled de novo and in a stepwise manner from five small nuclear ribonucleoprotein particles (snRNPs U1, U2, U4, U5, and U6 in the case of the major spliceosome) and many non-snRNP proteins (Fig. 1A) . [2] [3] [4] Several intermediates during spliceosome assembly and catalysis have been characterized biochemically and in part structurally, showing that transitions between assembly and catalysis stages of the spliceosome are accompanied by profound compositional and conformational remodeling of the spliceosome's RNA and protein interaction networks. 3, 4 Spliceosome assembly is initiated by U1 snRNP recognizing the 5′-SS (forming the E complex) and U2 snRNP binding the branch point region (giving rise to the A complex) via base paring interactions between the pre-mRNA and U1 or U2 snRNA, respectively. Subsequently, the spliceosomal B complex is formed by incorporation of the remaining three snRNPs as a preformed U4/U6•U5 trisnRNP. In the tri-snRNP, the U4 and U6 Figure 1 . Pre-mRNA splicing by the spliceosome. (A) Model of pre-mRNA splicing by the spliceosome depicting known assembly and catalysis intermediates. AtPases/RNA helicases and a G-protein (Snu114) are shown where their activities are required (red and pink, respectively). Red traffic lights indicate stages at which Brr2 is expected to be shut off, whereas a green traffic light indicates Brr2 being switched on during catalytic activation. Presently, it is not clear if Brr2 is actively shut off again after spliceosome catalytic activation. (B) Changes in the snRNA-pre-mRNA interaction network during spliceosome catalytic activation, highlighting the presumed substrates of the Prp28 and Brr2 RNA helicases.
snRNAs are extensively base paired [5] [6] [7] and linked to U5 snRNP primarily through protein-protein interactions. [8] [9] [10] None of the spliceosome's subunits contains a preformed active center for the splicing transesterification reactions and also the B complex, which contains all snRNPs, is still catalytically inactive. During the subsequent process of catalytic activation, the B complex is first converted into a B act and then to a B* complex, which carries out the first step of splicing. Further rearrangements after step 1 lead to the C complex, which can catalyze the second transesterification step, after which the spliceosome is disassembled in an ordered fashion.
Remodeling events during spliceosome assembly and catalysis are mediated by at least eight universally conserved superfamily 2 (SF2) ATPases/RNA helicases (Fig. 1A) . 11 The most dramatic reorganizations of the spliceosome take place during catalytic activation (Fig. 1B) . At this stage, U1 snRNA is displaced from the pre-mRNA 5′-SS, a process that requires the activity of the Prp28 protein. 12, 13 Concomitantly, the U4/U6 base pairing interaction is disrupted by the Brr2 enzyme, [14] [15] [16] and U4 snRNA, as well as all U4/U6-associated proteins, are displaced from the spliceosome. U4/U6 disruption allows U6 snRNA to engage in new base pairing interactions with the 5′-SS and with U2 snRNA and to adopt a catalytically important internal stem-loop structure (Fig. 1B) . 3, 4, 11 The newly assembled U2/U6/pre-mRNA interaction network forms the heart of the spliceosome's catalytic center.
17,18
The Spliceosomal Brr2 RNA Helicase Requires Tight Regulation
Most spliceosomal ATPases/RNA helicases associate only transiently with the spliceosome and their regulation is achieved by the timing of their recruitment to the splicing machinery. Brr2 is a notable exception. As a stable component of the U5 snRNP, it already encounters its U4/U6 substrate outside of the spliceosome in the U4/U6•U5 trisnRNP, posing the danger of premature U4/U6 dissociation. Indeed, tri-snRNPs enriched in a cellular fraction from yeast can undergo U4 snRNA release in a Brr2-and ATP-dependent manner, 15 a reaction that is thought to resemble U4/U6 unwinding during spliceosome catalytic activation. Thus, special mechanisms are required to prevent Brr2 to unwind U4/U6 prematurely in the tri-snRNP or directly upon tri-snRNP association with the spliceosome (Fig. 1A) . After catalytic activation, Brr2 remains associated with the spliceosome throughout splicing catalysis until spliceosome disassembly. The enzyme has been suggested to be required again during splicing catalysis 19 and spliceosome disassembly, 20 but presumably does not act as an ATPase/ RNA helicase during these stages. 19, 21 At least in vitro, the entire catalysis and disassembly steps proceed in the presence of UTP as the only nucleotide triphosphate, which cannot be hydrolyzed by Brr2. 21 Thus, after spliceosome catalytic activation, Brr2 may be shut off again or may be prevented by other means from unwinding other RNA duplexes it may then encounter (Fig. 1A) . On the other hand, Brr2 alone exhibits comparatively weak RNA duplex unwinding activity in vitro, 14, 22, 23 conflicting with its requirement for unwinding U4/U6, the most extensively base-paired and stable RNA duplex of the spliceosome. 7 Thus, for efficient spliceosome catalytic activation, Brr2 may also have to be upregulated by specific signals at the correct time (Fig. 1A) .
The Special Structure of the Brr2 Helicase
Matching its special regulatory requirements, Brr2 is structurally unique among the spliceosomal ATPases/ RNA helicases. It is the only member of this group of enzymes that belongs to the Ski2-like subfamily of SF2. 24 Furthermore, Brr2 is part of a unique subclass of nucleic acid helicases that contain tandem helicase cassettes, each with dual RecA-like domains followed by Sec63 homology units. 23, 25, 26 Only the Brr2 N-terminal cassette exhibits ATPase and RNA unwinding activity in vitro, 27 and only the enzymatic activity of this cassette is required for splicing in vivo. 16 We recently determined the crystal structure of a large fragment of human (h) Brr2 comprising both helicase cassettes (Brr2 helicase region, Brr2 HR ). 27 Both cassettes are similarly structured, with dual RecA-like domains, a winged helix (WH) domain, and a helical bundle (HB) domain surrounding a central tunnel ( Fig. 2A-C) . The HB domain together with lateral helix-loop-helix (HLH) and immunoglobulin-like (IG) domains form the Sec63 units. The RecA domains of the N-terminal cassette contain conserved sequence motifs for binding and hydrolyzing ATP, and for binding and unwinding an RNA duplex, which are clustered at the RecA interface and around the central tunnel, respectively. 27 The structure of a related, prokaryotic SF2 DNA helicase, Hel308, in complex with a DNA substrate 28 suggests that the central tunnel in the N-terminal cassette of Brr2 serves for binding and translocating on one RNA strand of a substrate duplex in a 3′-to-5′ direction (Fig. 2C ). An extended loop of the RecA-2 domain (the separator loop) extends across the tunnel entrance and may act like a plowshare, separating the two RNA strands of an RNA duplex when one strand is transported through the tunnel (Fig. 2C) . 27, 28 The structure also revealed multiple contacts between the two helicase units that allow these elements to functionally cooperate. Although the C-terminal unit is catalytically inactive on its own, it strongly stimulates the helicase activity of the N-terminal cassette, and thus, serves as an intramolecular helicase cofactor.
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Evidence for Positive and Negative Regulation of Brr2 by the Prp8 Protein
Brr2 tightly interacts with the U5 snRNP proteins Prp8, a large regulatory scaffold, and Snu114, an EF-G/eEF2-like G-protein, 10, [29] [30] [31] and both proteins modulate Brr2 activity. 20, [32] [33] [34] Previously, there were conflicting findings as to the effect of Prp8 on Brr2 activity. A C-terminal fragment (CTF) of Prp8, which contains an RNase H-like (RH) domain [35] [36] [37] followed by a Jab1/MPNlike (Jab1) domain, 31, 38 was found to stimulate Brr2-mediated U4/U6 unwinding activity in vitro. 22, 23 On the other hand, genetic studies indicated that Brr2 helicase activity is negatively regulated by Prp8 during splicing. 32, 33 The underlying mechanism for either effect remained elusive.
The Prp8 RH Domain Can Inhibit Brr2 by Substrate Competition
To further elucidate how Brr2 is regulated by Prp8, we investigated the effect of the RH and Jab1 domains of Prp8 on Brr2-mediated U4/U6 unwinding separately. We found that Brr2 requires a single-stranded region in U4 snRNA 3′ of the first base-paired stem with U6 snRNA (the so-called U4 central domain) to engage and unwind U4/U6 in vitro. 39 Consistent with this observation, in vivo crosslinking studies suggested that Brr2 engages the 3′-region of U4 snRNA exclusively via its active N-terminal cassette and targets the first base-paired stem with U6 snRNA. 19 In the structure of hBrr2 HR , the central RNA-binding tunnel of the N-terminal cassette is sealed on one side by noncovalent contacts between the RecA-2 and HB domains. 27 In addition, the 3′-end of U4 snRNA is occluded by secondary structures and the bound Sm proteins. 40 These observations suggest that the contacts between the RecA-2 and HB domains in the N-terminal cassette of Brr2 may have to intermittently break open (arrow in Fig. 2C ) to position the U4 central domain inside of Brr2's RNAbinding tunnel next to the separator loop. Structural evidence is in agreement with this scenario, indicating that the RecA-2 domain is a flexible element in the N-terminal cassette of Brr2. 27 Interestingly, the Prp8 RH domain also binds U4/U6 at regions overlapping the Brr2-loading sequence, 39 suggesting that it could hinder Brr2 from engaging its substrate. Indeed, yPrp8
RH directly competes with yBrr2 for binding U4/U6, thereby inhibiting yBrr2-mediated U4/U6 unwinding. 39 The Prp8 RH -mediated block of Brr2-substrate interaction may thus constitute one principle by which U4/U6 dissociation is impeded in the U4/U6•U5 tri-snRNP and in the spliceosome before catalytic activation.
The Prp8 Jab1 Domain Can Inhibit Brr2 via a Novel Mechanism
Unlike the RH domain, the Prp8 Jab1 domain directly binds to Brr2. 22, 26, 39, 41 To investigate how the Prp8 Jab1 39 and by blocking the Brr2 RNA-binding tunnel and disrupting N-terminal cassette (NC)-C-terminal cassette (CC) interactions via the Jab1 domain. 42 (ii) State after release of U4 snRNA from RH. Brr2 is still blocked via the Jab1 domain. the conserved U6 ACAGAG box (thick gray line) has taken over base pairing of the 5′-ss from U1 snRNA. (iii) Brr2 stimulation during spliceosome catalytic activation via the Jab1 domain and by direct interaction of the NC with CC. 27 Magenta arrow-movement of Brr2 on U4 snRNA. (iV) the Jab1 domain may again block Brr2 activity at some point after spliceosome catalytic activation, although there is presently no direct experimental evidence for the direct inhibition of Brr2 during the later stages of splicing. Adapted from reference 42. ) and a yeast Prp8 C-terminal peptide (residues 2378-2413). Concentration ranges of the analytes used are indicated. Proteins and RNAs were produced as described previously.
42 N-terminally acetylated peptides comprising the C-terminal 36 residues of hPrp8 (NPKefYHeVHRPSHfLNfALLQeGeVYSADReDLYA) or yPrp8 (iPLefYNeMHRPVHfLQfSeLAGDeeLeAeQiDVfS) and bearing free C-termini were obtained from the Research Group Mass Spectrometry, Leibniz-institute for Molecular Pharmacology. Surface plasmon resonance analyses were performed using a Biacore 2000 instrument (Ge Healthcare) at 20 °C with running buffer containing 10 mM HePeS-NaoH, pH 7.4, 150 mM NaCl, 50 µM eDtA, and 0.005% NP40. flow cells of the Sensor Chip NtA (Ge Healthcare) were washed with 20 µl of regeneration solution (350 mM eDtA) and equilibrated using running buffer at 20 µl/min. the second flow cell was activated with 40 µl of 500 µM NiSo 4 at 5 µl/min. Human or yeast full-length Brr2, bearing N-terminal His 10 -tags, were then immobilized on the second flow cell by injecting the proteins at 100 nM in running buffer and at 10 µl/min for 90 s to achieve capture levels of 10 000-12 000 RU. Afterwards, loosely bound proteins were washed away with running buffer. the Jab1 domain variants or peptides were used as analytes in running buffer. Jab1 domain variants and peptides were injected into both flow cells at increasing concentrations (between 5-800 nM for Jab1 variants and between 10-100 µM for peptides) at a flow rate of 30 µl/min. Binding was monitored for 200 s followed by a 300-900 s delay (buffer alone) to monitor dissociation. the sensor surface was regenerated at the end of each binding cycle with 60 µl of regeneration solution at 20 µl/min using the extraclean feature to remove the immobilized proteins from the surface. Sensorgrams (resonance units vs. time) from the sample cells were corrected by comparison with the sensorgrams from the corresponding control cells and kinetic parameters were extracted using the Biacore 2000 evaluation Software (Ge Healthcare) using a model of 1:1 (Brr2:Jab1 or peptide) binding. domain may influence Brr2 activity, we determined the co-crystal structure of hBrr2 HR in complex with hPrp8 Jab1 . 42 In this structure, the globular portion of hPrp8 Jab1 rests on the Sec63 unit of the N-terminal hBrr2 HR cassette, while contacts to the hBrr2 HR C-terminal cassette are lacking (Fig. 2D) . The proximal part of an extended C-terminal tail of the Jab1 domain, which was flexible and only partially resolved in structures of the isolated domain, 31, 38 binds along a cleft between the HLH and HB domains of the N-terminal Sec63 unit. The distal part of this tail runs between the N-terminal RecA-2 and HB domains and inserts into the N-terminal cassette's central RNA-binding tunnel (Fig. 2D) . Within the tunnel, the distal part of the Jab1 tail covers the RNA-binding surfaces of the RecA domains and its very C terminus interacts with the RecA-1, WH, and HB domains (Fig. 2D) .
Consistent with this structure, the binding of U4/U6 and short singlestranded RNAs to yBrr2 was inhibited in the presence of yPrp8
Jab1
, independent of the nucleotide-bound state of yBrr2. In contrast, a variant of yPrp8 Jab1 lacking the last 16 amino acids (yPrp8 Jab1-ΔC16 ) stimulated RNA binding to yBrr2. 42 Furthermore, the RNA-stimulated ATPase activity of yBrr2 was strongly reduced by Prp8
Jab1 but enhanced by yPrp8 Jab1-ΔC16 . 42 Finally, the U4/U6 unwinding activity of both yeast and human Brr2 was reduced in the presence of Prp8 Jab1 when Brr2 was in large excess over the U4/U6 snRNA, while yPrp8
Jab1-ΔC16 or hPrp8 Jab1-Q2321stop (lacking the C-terminal 15 residues) stimulated this activity. 42 Together, these structural and functional analyses show that the Prp8 Jab1 domain can inhibit Brr2 by a mechanism that is unprecedented in previously investigated nucleic acid helicases. Prp8
Jab1 engages Brr2 primarily via its global domain, allowing its C-terminal tail to intermittently occlude Brr2's RNA binding tunnel. It thereby efficiently counteracts loading of Brr2 onto the U4 snRNA, leading to the inhibition of Brr2's RNA-stimulated ATPase and U4/U6 unwinding activities in vitro. Presently, we do not know if this mode of regulation is unique to Brr2 or shared by other Ski2-like helicases or even other helicase (sub-)families. As we found that the inactive C-terminal cassette is required for Prp8 Jab1 -mediated regulation of Brr2, 42 other dual-cassette nucleic acid helicases, such as yeast Slh1p 43 or the ASCC3 subunit of the activating signal cointegrator complex, 44 may potentially be subject to similar regulatory mechanisms.
Notably, while Prp8 RH -mediated inhibition of Brr2 is only expected to function before spliceosome catalytic activation, the very high affinity of Prp8 Jab1 with or without its distal tail to Brr2 (Table 1) suggests that it remains bound to Brr2 during and after U4/U6 unwinding, possibly allowing the C-terminal tail of Prp8 to rebind Brr2's RNA binding tunnel after the displacement of U4 snRNA. It could thus also help to switch off Brr2 activity again in later stages of the splicing cycle (Fig. 3) .
A Possible Stepwise Release of the Brr2 Blocks
Apparently, two neighboring domains of Prp8 act in a coordinated manner, but by distinct molecular mechanisms, to keep Brr2 inactive in the U4/U6•U5 trisnRNP and initially in the spliceosomal B complex. Thus, there appear to be multiple regulatory checkpoints to prevent premature U4/U6 unwinding during the splicing process. For catalytic activation, both blocks to Brr2 loading on U4 snRNA must be relieved. In principle, two separate, inhibitory macromolecular interactions may be easier to disrupt than a continuous interaction surface of the combined size. A similar strategy has been suggested for the sigma factor that guides bacterial RNA polymerase to its promoters but is released upon entry into the transcription elongation phase. 45 Furthermore, two separable blocks may render spliceosome catalytic activation dependent on multiple signals, thereby generating additional possibilities for control and possibly supporting a precise order of events.
Affinity purification of spliceosomes with an anti-hPrp31 antibody led to the isolation of a spliceosomal B complex, from which U1 snRNP is released but which has not yet undergone U4/U6 unwinding, 46 suggesting that Prp28-mediated U1-5′-SS dissociation may precede U4/U6 unwinding during spliceosome catalytic activation. The Prp8 RH domain is thought to support interaction of U6 with the 5′-SS after Prp28-mediated release of U1. 35, 47, 48 It is conceivable that accommodation of the U6-5′-SS duplex triggers release of U4 from the Prp8 RH domain, thereby facilitating Brr2 engagement with its substrate. A functional link of U1-5′-SS dissociation, which apparently precedes U4/U6 unwinding, and Prp8 RH release from U4/U6 suggests that the block by Prp8
RH is released before the Jab1-mediated Brr2 inhibition.
Conformational Changes in Brr2
May Lead to Release of Jab1-Mediated Inhibition
Our finding that the Prp8 Jab1 tail can inhibit Brr2 suggests that during splicing a specific molecular signal is required at the correct time to remove the tail from Brr2's RNA-binding tunnel and allow substrate RNA binding and subsequent catalytic activation of the spliceosome. However, the structure of the hBrr2 HRhPrp8 Jab1 complex shows that the hPrp8 Jab1 C-terminal tail interacts with hBrr2 HR via a large surface area (Fig. 2D) , which should stabilize this interaction and thus, hinder displacement of the tail. This raises the question as to how an activating signal/ trigger can efficiently release the block of Brr2 imposed by Prp8
Jab1
. The Prp8 Jab1 tail contains a large fraction of charged residues (eight of the terminal 26 residues), is amenable to proteolytic degradation in the isolated protein, 31 and essentially lacks regular secondary structure in the complex with hBrr2 HR , supporting the idea that it constitutes an intrinsically unstructured element in isolation. As is generally the case for intrinsically unstructured elements and proteins, 49 immobilization of the Jab1 C-terminal tail on Brr2 must therefore be accompanied by a large loss in conformational entropy.
The
To test this model, we estimated the relative contributions of the globular Jab1 domain and its C-terminal tail to the overall Brr2-Prp8 Jab1 binding free energy by surface plasmon resonance analyses.
hPrp8 Jab1-Q2321stop -bound hBrr2
HR with comparable affinity as the hPrp8 Jab1 domain bearing an intact tail (with a K d of 3.2 and 7.7 nM, respectively; Table 1 ; Fig. 4) . In contrast, a peptide comprising only the C-terminal 36 residues of hPrp8 (encompassing the last 11 residues of the globular part and the entire C-terminal tail of the Jab1 domain) bound about three orders of magnitude less tightly (K d of ca. 3.2 µM; Table 1 ; Fig. 4) . No binding was seen in this assay with a peptide comprising only the last 16 residues of hPrp8 (i.e. the entire distal tail). A very similar result was seen with the corresponding yeast proteins and peptides (Table 1) . These results confirm that efficient inhibition of Brr2 activity via the Jab1 C-terminal tail requires anchoring of the tail on the surface of the N-terminal helicase cassette of Brr2 via the globular part of Jab1, which thereby gives rise to a high local concentration of the tail in the vicinity of the Brr2 RNA-binding tunnel. In this situation, the C-terminal Jab1 tail can apparently counteract Brr2 RNA binding but the strength of the inhibition Jab1 variants bearing type i exchanges could not be tested as the proteins were insoluble. However, type i exchanges would be expected to also severely interfere with Brr2 regulation in cases where soluble protein is produced in vivo.
is probably finely tuned to allow efficient release in response to the appropriate signal.
Presently, the signal upon which the Prp8 Jab1 -mediated block of Brr2 is released is not known. Interestingly, however, the structure of a yBrr2 HR -yPrp8 Jab1 complex, which is globally quite similar to our human complex (Fig. 2E) , was determined independently in the group of Kiyoshi Nagai. 50 Although a Jab1 domain bearing an intact C-terminal tail was also used in that study, the Prp8 Jab1 tail in the yeast structure was not bound at the yBrr2 HR RNA-binding tunnel and was not visible in the electron density, suggesting that it may have been proteolytically degraded during crystallization or that it adopted a disordered, unbound conformation. Superposition of the two complexes via the Brr2 C-terminal cassettes reveals that the N-terminal cassette-Jab1 subcomplexes are rearranged with respect to the C-terminal cassettes (possibly due to different crystal lattice contacts; Mov. S1). This analysis supports the idea that different conformational states of Brr2 exhibit different affinities for the Prp8 Jab1 tail. Therefore, the molecular trigger that leads to derepression of Brr2 during splicing may involve a process that induces a Brr2 conformation in which the RNA-binding tunnel exhibits lower affinity for the Prp8 Jab1 tail. In principle, such conformational changes could be elicited by changes in the posttranslational modification status of one of the participating proteins, such as Prp8 ubiquitination/deubiquitination, 51, 52 or by the binding of other spliceosomal proteins, such as the G-protein Snu114 that can interact with Brr2 and Prp8 10, 31, 38 and has been demonstrated to influence Brr2 activity. 20 
Parallels to the Mechanism of Jab1-Mediated Brr2 Inhibition in Other Systems
In addition to its activity in the spliceosome, recruitment of Brr2 to the U5 snRNP is also regulated, at least in yeast. U5 snRNP assembly in yeast proceeds via a cytoplasmic precursor that lacks Brr2 and instead contains the Aar2 protein. 53, 54 Structural analyses have shown that Aar2 contains a globular portion and a flexible, C-terminal extension. 41, 55, 56 The globular part of Aar2 binds the linker, endonuclease, and RH domains of Prp8, while its C-terminal extension spirals along the Prp8 reverse transcriptase domain and across the RH domain, where it connects an extended hairpin of the RH domain with the β-barrel core of the Jab1 domain. 55, 56 The Prp8 Jab1 domain is thereby bound to the RH domain in a manner that sterically precludes binding of Brr2. 55, 56 Phosphorylation of Aar2 at serine 253, possibly aided by additional phosphorylation at other residues, leads to a conformational change that reduces its affinity for Prp8, and thereby allows Brr2 to bind. 41, 55 Isothermal titration calorimetry revealed that the Aar2 C-terminal extension contributes little to the overall binding free energy with Prp8. 55 Thus, Aar2, a reversible inhibitor of the Brr2-Prp8 interaction, and the Prp8 Jab1 domain, a reversible inhibitor of Brr2-mediated U4/U6 unwinding, are structurally organized in a similar manner. Both proteins encompass globular domains, which primarily mediate binding to the target proteins, and intrinsically unstructured extensions, which represent the inhibitory elements of the proteins. In both cases, the ability of these extensions to carry out their inhibitory functions hinges on the tethering via their globular domains to the target protein. Furthermore, in both cases, the intrinsically unstructured elements elicit reversible inhibition by binding functionally important regions, Jab1 (yPrp8 Jab1-R2388K and yPrp8 Jab1-f2392L ), the data were reported in reference 42. AtP hydrolysis and U4/U6 unwinding were monitored as described.
i.e., at the Brr2 RNA-binding tunnel in the case of Jab1, and between the RH and Jab1 domains in the case of Aar2, with high specificity (due to their large interaction surfaces) but with controlled thermodynamic stability (presumably due to the loss of conformation entropy upon binding). Finally, both inhibitory scenarios may thus be reversed by conformational changes in the regulatory factors or their targets, elicited by phosphorylation in the case of Aar2 55 and possibly by changes in post-translational modification or interacting proteins in the case of Prp8 Jab1 . The principle of reversible inhibition based on intrinsically unstructured elements may be widespread in complex enzymes and assembly chaperones. For example, the proteasome core particle is formed by stacked heptameric rings of peripheral α-subunits and central β-subunits. 57 The α-subunits can be regarded as regulators of the proteolytically active β-subunits, which shield access to the inner cavity of the proteasome by forming a peripheral plug via their intertwined, intrinsically unstructured N-terminal tails. Minor perturbation, as could be induced by the 19S regulatory caps of the proteasome, can dissolve this meshwork, allowing proteins destined for degradation to be threaded into the proteolytic cavity. 58 As another example, Gemin2 regulates the last stage of Sm core RNP assembly by binding and stabilizing a subcore formed by the Sm proteins D1, D2, F, E, and G. Gemin2 binds to the Sm subcore via a globular domain and uses an intrinsically unstructured N-terminal extension to reach around the subcore's periphery and into the concave RNA binding pocket, where it sterically interferes with snRNA binding. 59, 60 Presently, it is not known whether a specific signal is required to release this inhibitory conformation and allow the formation of the complete Sm core RNP. 59 It is also conceivable that the intrinsically unstructured Gemin2 extension binds with just enough affinity to counteract binding of non-cognate RNAs but would give way to snRNAs whose Sm sites would have higher affinity to the Sm subcore.
A variation of the above theme is afforded by the pICln protein that also functions during Sm core assembly upstream of Gemin2. pICln interacts with the Sm subcore as an intermediate placeholder of Sm proteins D3 and B. In complex with the subcore, pICln adopts an extended pleckstrin homology (PH) fold, with which it contacts Sm protein D1 on one side and Sm protein G on the other. 60 The N-terminal extension segment of the pICln PH domain is intrinsically unstructured in the isolated protein 61 but folds into a β-structure upon contacting Sm protein G, allowing formation of a continuous β-sheet around the Sm subcore-pICln complex. 60 The entropic loss associated with folding upon binding of this intrinsically unstructured pICln element may lead to a strategic weakening of the pICln-SmG interface, thereby providing a predetermined breakpoint for later removal of pICln to allow completion of Sm core assembly. This is fully in line with other evidence that also supports this scenario. 60 The principle of entropy-enthalpy compensation may also be exploited to upregulate the activity of regulatory proteins in a reversible manner. For instance, the binding of splicing regulatory SR proteins to target proteins or RNAs can be increased upon phosphorylation of the proteins' RS-domains. A recent study has shown that phosphorylation reduces the intrinsic flexibility of RS-domains in isolated SR proteins, thus reducing the entropic loss they undergo when immobilized on interaction partners.
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The Prp8 Jab1 Domain Can Stimulate Brr2 Activity After Substrate Loading
Inhibition of Brr2 by both the Prp8 RH and Jab1 domains conflicts with the previously observed Brr2 activation by the Prp8 CTF , 22, 23 which encompasses both of these motifs. However, when U4/U6 unwinding was assayed at a higher RNA to Brr2 ratio, as used in these previous studies, yPrp8
Jab1 no longer inhibited yBrr2, but rather enhanced its activity, while yPrp8 Jab1-ΔC16 stimulated Brr2 unwinding activity to an even greater extent. 42 Thus, in a purified, ternary in vitro system, increased concentrations of U4 snRNA can apparently out-compete the Prp8
Jab1 tail for Brr2's RNA binding pocket, mitigating the inhibitory effects of the tail on RNA loading. As, under conditions favoring RNA binding in vitro, Prp8
Jab1 can also act as a positive regulator of Brr2 helicase activity, it likely plays a similar role after triggered release of the Prp8 Jab1 tail during splicing; however, in the complex environment of the spliceosome specific signals likely play important, coordinated roles in switching Brr2 activity on and off (see above). Thus, the C-terminal domain of Prp8 could play dual essential roles, ensuring that Brr2 activity is turned off early in the splicing process, but also turned up to a sufficient level to allow efficient catalytic activation of the spliceosome.
The ability of Prp8 Jab1 to stimulate Brr2-mediated U4/U6 unwinding could be due to a number of factors, including the more efficient coupling of ATP hydrolysis to RNA duplex unwinding as suggested previously. 22 To further test this idea, we assayed Brr2-mediated U4/ U6 unwinding and RNA-stimulated ATP hydrolysis under equivalent conditions that favor RNA binding. Initial rates of Brr2 helicase and ATPase activities were then used to calculate the amount of ATP hydrolyzed per U4/U6 duplex unwound, which reflects the apparent efficiency of coupling ATP hydrolysis to RNA strand separation ( Table 2) . yBrr2 alone hydrolyzes ~13 000 molecules of ATP per U4/U6 duplex, indicating that a large fraction of the enzyme-substrate complexes formed are unproductive in RNA unwinding-i.e. the enzyme hydrolyzes a large amount of ATP upon interaction with RNA but cannot couple this efficiently to strand separation. Upon binding yPrp8
Jab1-ΔC16 , Brr2 unwinds U4/U6 very fast and a ~10-fold lower amount of ATP is hydrolyzed per U4/ U6 di-snRNA unwound ( Table 2) , indicating more efficient coupling of ATP hydrolysis to RNA strand separation by Brr2. Although yPrp8 Jab1 reduced the rate of RNA duplex unwinding compared with Prp8 Jab1-ΔC16 , it led to an even lower amount of energy (~300 ATP molecules) that was required to unwind a U4/U6 duplex ( Table 2) . Thus, once RNA loading is accomplished, both the globular part and the C-terminal tail of Prp8
Jab1 act in concert to increase the apparent efficiency with which Brr2 unwinds U4/U6.
The exact molecular mechanism underlying the stimulatory effect by Prp8 Jab1 on Brr2 is presently not clear. In both the human and yeast Brr2 HR -Prp8 Jab1 structures, 42,50 the proximal part of the Prp8 Jab1 C-terminal tail bridges the Brr2 HB and HLH domains. While the HB domain is thought to provide a ratcheting function during RNA translocation, the HLH domain may serve as a surface via which the unwound RNA exits Brr2. 27, 28 Direct interactions between these domains are missing in the Brr2 apo structure, 27 but have been shown to be important in related helicases. 63, 64 Thus, an HB-HLH interaction mediated by Prp8
Jab1 could help couple RNA-driven ATP hydrolysis to the ratcheting movement of Brr2 on the newly emerged single-stranded RNA.
Presently, we do not know the structure of a Brr2-Prp8
Jab1 complex in the process of unwinding. As after RNA loading, the Prp8 C-terminal tail contributes to the apparent efficiency of RNA unwinding by Brr2 (see above), it is possible that during unwinding the tail acts like a latch, reinforcing the circular domain arrangement of the Brr2 N-terminal cassette, thereby helping to trap the RNA. As the Jab1 core domain increases Brr2's affinity for RNA, 42 enhanced ATPase-helicase coupling in the presence of Prp8 Jab1 and Prp8
Jab1-ΔC16
could also rely in part on additional direct RNA contacts of the Jab1 globular part to the unwound RNA strand, consistent with its position neighboring the N-terminal Brr2 HLH domain ( Fig. 2D  and E) , across which the unwound RNA strand may exit Brr2. 27 Many RNA helicases require protein cofactors to be turned on or off at the right place and time. Previously, both inhibitory, as well as stimulatory cofactors, acting in cis or trans and by diverse mechanisms, have been characterized in different systems and in different helicase families. For example, a serine protease domain of the NS3 helicase from hepatitis C virus enhances its helicase activity by supporting RNA binding. 65 An example of helicase inhibition is afforded by eIF4AIII in the exon junction complex, where a prehydrolysis state of the helicase is locked by a multi-protein interaction network. 66, 67 However, Brr2 represents a unique case, in which the same cofactor, Prp8, is employed as an inhibitor that counteracts RNA loading, and as an activator once RNA has been accommodated. This dualmode regulation is ideally suited to meet the requirement for Brr2 to be switched on and off repeatedly during splicing (Fig. 3) .
A number of studies have indicated that several other spliceosomal proteins bind Brr2 primarily through the C-terminal helicase cassette. 10, 30, 68 As Brr2 helicase activity can in principle be regulated by ligands binding to the inactive C-terminal cassette, 27 it will be interesting to see whether these additional Brr2-binding proteins also regulate Brr2 activity and what the functional consequence of such regulation would be. Recently, the yeast Sad1 protein, an ortholog of the human U4/U6•U5-specific 65K protein that is required for recruitment of the U4/ U6•U5 tri-snRNP to the spliceosome, 69 was shown to counteract Brr2-mediated ATP-dependent dissociation of the U4/ U6•U5 tri-snRNP into its U5 and U4/U6 components. 70 However, the functional importance of this type of tri-snRNP disruption is presently unclear and it is also not known whether Sad1 acts by directly inhibiting Brr2 activity or whether it merely stabilizes the tri-snRNP via interactions with other components.
Links to Retinal Disease in Humans
Mutations in several genes coding for essential U4/U6•U5 tri-snRNPassociated splicing factors have been linked to autosomal dominant forms of retinitis pigmentosa, 71, 72 a progressive degeneration of the retina. Presently, it is unclear how mutations in genes that encode ubiquitously required splicing factors lead to a tissue-specific disorder.
Certain mutations in the gene encoding hPrp8 lead to the severe RP13 form of retinitis pigmentosa. 73 Strikingly, all RP13-linked mutations are found in the hPrp8 Jab1 domain and the majority of these mutations lead to residue exchanges or stop codons in the C-terminal 35 amino acids of the protein or to extensions of the tail. We and others have therefore investigated the consequences of RP13-linked changes on (1) the folding of the Jab1 domain, (2) the interaction of Jab1 or Prp8 with Brr2, (3) the Jab1-mediated modulation of RNA binding, ATP hydrolysis and U4/U6 unwinding by Brr2, (4) the assembly of U5 snRNP and U4/U6•U5 tri-snRNP in vivo, and (5) on cell viability and in vivo splicing. 22, 42, 54 Most analyses so far were carried out in the yeast system, as sequence analyses show that the affected hPrp8 residues are highly evolutionarily conserved. In addition, the Jab1 fold and its interaction with Brr2 are very similar in yeast and human ( Fig. 2D and E) . 42, 50 Furthermore, there is a correlation between the severity of growth phenotypes in haploid yeast and the severity of retinal degeneration in humans due to the corresponding Prp8 mutations. 74 Thus, the molecular mechanisms that underlie the Prp8-associated growth and splicing defects in yeast are presumably also largely responsible for the development of RP13 in humans.
Based on their position in Prp8 Jab1 in the Brr2 HR -Prp8 Jab1 complex structures, the RP13-linked residue exchanges and truncations can be divided into three types ( Fig. 5A and B) , each likely associated with different functions in Prp8. Type I residues/positions lie within the globular portion of the hPrp8 Jab1 domain (Fig. 5A  and B) , suggesting that they are important for the fold and stability of that domain, but do not directly contact hBrr2
HR . Type II residues/positions map to the proximal region of the Jab1 C-terminal tail, i.e. the transition region between the globular part of the Jab1 domain and the distal part of the C-terminal tail. Residues in this part of the protein may serve dual functions. They could potentially mediate structurally important intra-Jab1 contacts and additionally engage in direct interactions with the N-terminal Sec63 unit of Brr2 HR . Finally, type III residues/positions map to the most C-terminal part of Prp8, i.e. the distal region of the C-terminal tail, which interacts with the Brr2 RNA-binding tunnel in the hBrr2 HR -hPrp8 Jab1 structure. All RP13-linked Prp8 modifications tested so far lead, in varying degrees, to yeast growth defects and accumulation of pre-U3 RNA in vivo, suggesting that the observed growth defects likely arise from defects in pre-mRNA splicing. Strikingly, however, a more detailed investigation of the effects of these mutations in vivo or in vitro, revealed different phenotypes for the various types of affected residues/ positions that were consistent with their different suggested functions within Prp8 and/or in Brr2 regulation (Fig. 5C) .
Prp8 Jab1 domain constructs bearing type I changes, i.e. S2118P/S2197P (human/ yeast numbering), P2301T/P2379T, F2304L/F2382L, H2309P/H2387P, H2309R/H2387R could not be produced in soluble form in various expression hosts. 42 Furthermore, corresponding changes in Prp8 destabilized or abolished the interaction of Prp8 with Brr2, leading to defects in the maturation of U5 snRNP, and thus, to reduced tri-snRNP levels in yeast. 42, 54 Based on their positions in the Brr2 HRJab1 complex structures, we would expect that type II residues contribute to stable binding of Jab1 to Brr2, thus helping to anchor the distal C-terminal Jab1 tail such that it can intermittently occupy the Brr2 RNA-binding tunnel and inhibit the enzyme (Fig. 5A and B) . Furthermore, based on their location in the proximal tail, which may bridge the N-terminal HB and HLH domains in Brr2 during U4/U6 unwinding (see above), type II changes would be expected to interfere with Jab1-mediated Brr2 activation after substrate loading ( Fig. 5A and B) . Functional analyses fully support these hypotheses. Jab1 domain or Prp8 CTF variants bearing changes in type II residues/positions (R2310K/R2388K, R2310G/R2388G, F2314L/F2392L) showed reduced interaction with Brr2 in pull-down, 54 analytical gel filtration, 42 or Biacore assays ( Table 1) . These lower Brr2 affinities are in line with the observation that type II Prp8 variants lead to reduced levels of U4/ U6•U5 tri-snRNP in vivo, 42, 54 and are accompanied by incomplete inhibition of the RNA-stimulated ATPase activity of yBrr2 by the R2388K and F2392L variants of yPrp8 Jab1 compared with wildtype (wt) Prp8 Jab1 (Fig. 6A) , as well as by defects of type II Prp8
Jab1 and Prp8 CTF variants in stimulating Brr2 helicase activity (Fig. 6B) . 22 Even quantitative differences in the Brr2 affinities of the type II Jab1 domain variants correlate with quantitative differences in their effects on Brr2 activity. For example, the F2392L variant of yPrp8 Jab1 reduced the steady-state rate of RNA-stimulated ATP hydrolysis by yBrr2 to a greater extent than R2388K (Fig. 6A) , reflecting its more stable interaction with yBrr2. 42 Consistent with the diminished activation of yBrr2 by type II variants of yPrp8 Jab1 (Fig. 6B) , the apparent efficiency with which yBrr2 can couple ATP hydrolysis with U4/U6 unwinding in the presence of yPrp8 Jab1-
R2388K or yPrp8
Jab1-F2392L was reduced more than 50-fold and ca. 10-fold, respectively, compared with wt yPrp8 Jab1 ( Table 2) . Type III residues/positions represent perhaps the most conspicuous RP13-linked defects, as the associated phenotypes directly support our model of reversible Brr2 inhibition via the Jab1 C-terminal tail. They include a stop mutation at residue Q2321/A2399, which gives rise to a Prp8 variant that is C-terminally truncated by 15 amino acids, and the Y2334N/F2412N point mutation that affects the penultimate residue of Prp8 (Fig. 5A) . Decisively, unlike type I and type II RP13-linked mutations, type III Prp8 variants (or designed mutants that reduced binding of the distal Prp8 C-terminal tail to Brr2's RNA-binding tunnel) did not lead to diminished Brr2 association with U5 snRNP or U4/ U6•U5 tri-snRNP and the amount of tri-snRNP relative to U4/U6 di-snRNP was not altered in cells expressing such Prp8 variants. 42 Consistent with this observation, the introduction of stop codons at positions Q2321/A2399 in hPrp8 Jab1 /yPrp8 Jab1 had essentially no effect on the interaction of the variant Jab1 domains with the corresponding Brr2 proteins ( Table 1) . 42 At the same time, yPrp8
Jab1-A2399stop strongly enhanced the RNA binding, RNA-stimulated ATPase and U4/U6 unwinding activities of yBrr2 (compared with wt yPrp8 Jab1 ), in a manner similar to yPrp8 Jab1-ΔC16 . 42 It also enhanced the efficiency with which Brr2 couples ATP hydrolysis to U4/U6 unwinding, but to a lesser extent than wt Prp8 Jab1 ( Table 2 ). . 42 In addition, the apparent efficiency of coupling ATP hydrolysis to U4/U6 strand separation was greatly enhanced compared with yBrr2 alone, to a similar extent as with wt yPrp8 Jab1 ( Table 2 ). The effects of additional yPrp8
Jab1 mutations that were designed, based on the structure of the hBrr2 HR -hPrp8 Jab1 complex, to interfere with stable binding of the Jab1 C-terminal tail in Brr2's RNA-binding tunnel, further corroborated the conclusion that small alterations in the interaction between Brr2 and the C-terminal tail of Prp8 can have large effects on Prp8 Jab1 -mediated inhibition of Brr2 helicase activity. 42 
Possible RP13 Disease Mechanisms
The above results provide clear evidence that different RP13-linked mutations elicit their effects by different molecular mechanisms or combinations thereof (Fig. 5C) , either affecting U5 snRNP and U4/U6•U5 tri-snRNP levels (type I and type II), interfering with Brr2 activation (type II and possibly type I), and/or interfering with Brr2 inhibition (type II, type III, and possibly type I). Type I mutations (in the globular part of the Jab1 domain) are expected to generate folding-defective Prp8 variants in vivo, possibly leading to degradation or aggregation of the mutant protein, and thus, perhaps insufficient levels of active Prp8 in affected cells (Fig. 5C) . Even if still produced in soluble form in vivo, type I variants of Prp8 most likely will show decreased interaction with Brr2. All of these scenarios would explain the observed reduced formation of intact U4/U6•U5 tri-snRNPs in the presence of Prp8 bearing type I RP13-related changes, which may have deleterious consequences on cell viability and splicing. Misregulation of Brr2 will likely contribute to the splicing and yeast growth defects in those cases where lower amounts of tri-snRNPs, bearing type I Prp8 variants, are still formed.
Type II variants of Prp8 Jab1 can still be produced as soluble, recombinant proteins. Thus, corresponding Prp8 variants are also likely produced in a soluble form in cells bearing the corresponding mutations. Type II mutations (affecting the proximal part of the Prp8 C-terminal tail) still decrease Prp8 Jab1 binding to Brr2 by abrogating direct contacts to Brr2 (Fig. 5C) , likely explaining the observed snRNP assembly defects in vivo. As in the case of type I mutations, the RP13 phenotype associated with type II Prp8 variants could thus be partially due to less efficient tri-snRNP assembly. However, type II mutations specifically affect the interaction of Prp8 Jab1 along the cleft between the HLH and HB domains ( Fig. 5A and B) . The possible function of the affected amino acids in mediating interactions between the HLH and HB domains in Brr2 suggest that even if assembled into tri-snRNPs, type II variants of Prp8 will interfere with Brr2 activation. At the same time, these variants may also interfere with Brr2 inhibition by failing to stably position the Prp8 C-terminal tail (Fig. 5C) .
Finally, type III mutations (in the distal part of the C-terminal tail) have no or mild effects on the binding of Prp8 Jab1 to Brr2 and still support Brr2 activation. As a consequence, the corresponding Prp8 variants do not lead to recognizable snRNP assembly defects in vivo (Fig. 5C) . Therefore, haploinsufficiency due to reduced tri-snRNP levels, as well as impaired Brr2 activation, are unlikely mechanisms for the disease phenotype in the case of type III mutations. However, type III mutations strongly interfere with the ability of Prp8 Jab1 to inhibit Brr2 activity. As lack of Brr2 inhibition is the only clear phenotype associated with all Prp8 type III variants (Fig. 5C) , a complete, intermittent block in Brr2 activity is likely crucial for efficient and correct splicing. The lack of such a block is detrimental, presumably due to premature U4/U6 unwinding.
The above results show that, in addition to reduced levels of the active splicing machinery, misregulation of Brr2 activity that disrupts the catalytic activation step of splicing is a bona fide RP13 disease principle. Misregulation of Brr2 could have a general negative effect on splicing in photoreceptor cells, or specifically inhibit the splicing of one or more premRNAs, leading to cell death and an RP disease phenotype.
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